Infection of the cervical epithelium by human papillomavirus (HPV) is considered to support the oncogenic process leading to the development of cervical cancer (1) , one of the most common cancers in women worldwide (2) . The risk of developing cancer is dependent on the HPV type present within the epithelial cells. According to their oncogenic potential HPV may be classified in a low oncogenic risk group (i.e., HPV 6, 11, 42, 43 , and 44) and in an intermediate or high oncogenic risk group (i.e., HPV 16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 65, 66) (1) .
Although the majority of patients with dysplastic cervical epithelium shows infection with HPV of any type, complementation of conventional morphologic analysis with identification of the virus by sensitive techniques may support further clinical decisions (3) . Also, it was proposed that HPVdetection and typing should support cytological screening (4, 5) . These facts explain, why a great interest in HPV-detection and typing does exist (6) . Several methods are available for this task: At the moment, the hybrid capture II test system (HC) (Digene, Silver Spring, Md) is considered the gold standard for HPV testing in clinical practice (7) .
Although this system is reliable, sensitive and easy to handle (1, 2) , it has several disadvantages: It can only be performed in cervical smears, but not in paraffin-embedded, archived material. In addition, no exact typing is performed, HPV infection is attributed to a "low-risk" or "high-risk" group. Another major disadvantage are the high costs of this system (3) .
Polymerase chain reaction (PCR) has an extremely high sensitivity and might be performed on smears as well as on paraffin-embedded material (1) . The major disadvantage of this system is that it is always confronted with the problem of contamination. Also, a high laboratory infrastructure is required (8) .
Immunocyto-and -histochemistry are cheap, easy-to handle methods for HPV-detection. However, the sensitivity is low, and typing was considered problematic up to now. Whether this opinion will change after the introduction of a new immunocytochemical system for HPV detection and typing (Viroactiv; Virofem Diagnostica GmbH, Mainz, Germany) is unclear as only few data on the performance of this system have been published so far (9) .
In situ hybridization (ISH) is an easy to handle, reliable method for HPV detection and typing, working on PAP-smears and paraffin-embedded sections (10, 11) . Its main problem was the low sensitivity. The detection limit of both radioisotopic and nonisotopic labels in genomic probes is 10 to 50 viral copies per cell in formalin-fixed samples (12, 13) . Unfortunately, nearly 50% of cervical cancers with HPV 16 infection have 50 or less viral copies per infected cells, with a peak between 1 and 10 copies (14) . Therefore, several attempts have been undertaken to enhance sensitivity of ISH (12) .
A nonisotopic, colorimetric signal amplification system for ISH is now commercially available (GenPoint system, DAKO, Glostrup, Denmark) (15) . This system is based on the catalyzed amplification of positive hybridization signals using biotin-tyramide complexes (16) and does not require PCR amplification or the use of radioactive labeled probes. Recently, similar, not commercially available signal amplified ISH systems have been used to identify HPV 16 specific sequences in infected cell lines and in cervical neoplastic lesions with high sensitivity, even capable of detecting single viral copies in routinely fixed material (12, 17) .
The aim of our study was to compare the sensitivity and specificity of PCR, HC assay and a catalyzed signal amplified colorimetric (CSAC) ISHsystem in PAP smears and in paraffin-embedded sections of cervical cancers and severe cervical dysplasias. In addition, the possibility of HPV detection and typing using immunocyto-and -histochemistry was investigated.
MATERIALS AND METHODS

Cervical Cancer Group
In this group HPV-detection and/or typing was performed using PCR, CSAC-ISH and immunohistochemistry (IHC). 86 consecutive biopsies with invasive cervical cancers FIGO stage IB to IIIB (8 cases IB, 6 IIA, 35 IIB, 11 IIIA, 26 IIIB) were retrieved from our files. For inclusion into this study sufficient material had to be available on the tissue blocks.
Cervical Dysplasia Group
In addition, 21 PAP smears (diagnosed as highgrade squamous intraepithelial lesions) of patients with known HPV high-risk infection, assessed by HC (see below), were included in our study. All patients had also undergone cervical biopsy, in which severe cervical dysplasia/carcinoma in situ (CIN III) was evident. HPV-detection in cervical smears was performed by CSAC-ISH, in corresponding biopsy specimens by CSAC-ISH, conventional ISH and IHC.
In addition, we investigated cervical smears of 20 patients out of a high-risk collective with the Viroactiv system (Virofem Diagnostica GmbH, Mainz, Germany), an immunocytochemcial system consisting of screening antibody and an antibody considered specific for high-risk types only. For comparison, patients were also investigated with HC.
Human Papillomavirus Analysis
PCR
Ten-micrometer-thick paraffin-embedded tissue sections were treated with xylene to remove the paraffin and subsequently washed with ethanol. Sections were digested with proteinase K (100 g/ mL) for 4 hours at 56°C, followed by inactivation of the enzyme by heating the tubes in a thermocycler for 8 min at 94°C. Extracted DNA was processed immediately or frozen at -20°C until further investigation. After every tenth specimen negative controls consisting of liver, lung, heart, and brain were included and subjected to subsequent HPV PCR analysis.
PCR was performed in 50 l-reaction tubes containing 50 mM KCL, 10 mM TRIS (pH 9.0), 0.1% Triton X-100, 100 M dNTP's, 1.5 mM MgCl2, 1.5 U of Taq-DNA polymerase and 50 pmol of each primer. During each amplification a positive control (extracted DNA from HeLa cells) and a negative control (water) were carried out. All samples were tested for ␤-globin (PC03/Pc04: 110bp); 18), which served as internal control for integrity of the extracted template, followed by consensus HPV-PCR (GP5ϩ/GP6ϩ); 19) from the L1 region. Typing of HPV DNA was performed by type-specific PCR:
HPV16 (E7/E1: 698 -917), HPV18 (E6/E7: 533-705), HPV31 (E5: 3835-3989), HPV33 (E6: 265-396), HPV35 (E7: 610 -840) and HPV45 (E6/E7: 548 -694; 20, 21) .
Cycling parameters for all samples were: 50 sec denaturation at 94°C, 50sec annealing at 60°C (except for HPV consensus and HPV 33 annealing at 50°C), 75 sec extension at 72°C (40 cycles) and 5 min at 72°C for final extension.
After PCR amplification, the PCR-products were separated on a 2% TAE agarose gel followed by visualization of the DNA fragments under UV light.
To detect infection with other HPV-types, consensus PCR-products were cut out and purified using the QIAquick Gel Extraction kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The purified consensus HPV DNA was cloned into pTargeTTM Mammalian Expression Vector System (Promega, Madison, USA), followed by thermo-cycle sequencing (Amersham Life Science, Ohio, USA) according to the manufacturer's instructions.
ISH
ISH was performed in paraffin-embedded specimens fixed in 4% buffered formalin and in archived PAP smears (up to 2 years of age). Histological slides, 4 m in thickness, were deparaffinized in xylene. CSAC-ISH was performed as follows: Target retrieval of histological sections was performed with Target Retrieval Solution (#S1700, DAKO, Glostrup, Denmark) in a waterbath at 95°C for 40 minutes, followed by digestion with 0.01% pepsin in 0.2 M HCl for 13 minutes. Coverslips of PAP smear slides were removed in xylene, and destaining with 2 M HCl for 5-15 minutes under microscopic control was performed. Background quenching in all specimens was performed by 0.3% H 2 O 2 for 20 minutes. 15 L of the biotinylated probes for general screening (HPV 6, 11, 16, 18, 30, 31, 33, 45, 51, 52) (#Y 1404, DAKO) and type specific probes against HPV 16, 18, 31 and 33 (#Y 1407, Y 1408, Y 1409 and Y1410, all DAKO) were applied on separate sections of each paraffin-embedded specimen, and were covered with coverslips. ISH on PAP smears was performed with the screening probe only. Target and probe DNA was denaturated by heating the slides for 90°C for 5 minutes in an oven. Hybridization was performed in a humid chamber at 37°C overnight. After washing, the GenPoint Kit (#K 0620; DAKO) was used according to the manufacturer's instruction: First, primary Streptavidin-HRP in a dilution of 1:200 was incubated for 15 minutes. After washing, biotintyramide solution was incubated for 15 min, followed by the secondary streptavidin-HRP for 15 min.
To compare sensitivity of CSAC-ISH with conventional, non-amplified ISH, HPV detection also was performed using the Rembrandt ISH Kit (KREATECH Diagnostics, Amsterdam, The Netherlands) according to the manufacturer's instructions in all tissue samples of CIN III and in 12 samples of invasive cancer with low number of (integrated) viral copies (1 to 2 signals per nucleus) at CSAC-ISH using the screening probe.
HPV typing in samples of CIN III was performed with 2 biotinylated probes, capable of detecting HPV 16/18 DNA (#PLB008; KREATECH; region: 7.9 Kb HPV 16 and 7.9 Kb HPV 18 total genomes) and HPV 31/33 DNA (#PLB004; KREATECH; region: 7.9 Kb HPV 31 and 7.9 Kb HPV 33 total genomes). HPV detection in cervical cancer specimens was performed using a biotinylated panHPV probe (#PLB000; KREATECH; region: mix of total genomes (7 K Ϫ8 Kb) and DNA containing the conserved HPV region (200 bp)). Hybridization was performed in a humid chamber at 37°C overnight. With both systems, visualization of positive hybridization signals was performed by incubation with diaminobenzidine for 8 minutes. Conterstaining was performed with hematoxylin.
For positive and negative control, control slides with HPV-infected cervical cancer cell lines provided by the manufacturers in the various kits were used.
As additional negative control of CSAC-ISH on PAP smears, smears from the oral cavity of 2 healthy persons were treated in the same way as PAP smears (including removal of coverslips in xylene and destaining).
Hybrid Capture Test
The HPV status in cervical smears was determined with the commercially available hybrid capture test II (HC) (Digene, Silver Spring, Md) (3). The assay kit contains two specific RNA-probes, one for low-risk HPV-types (6, 11, 42, 43, 44) and one for high-risk types (16, 18, 31, 33, 35 , 39, 45, 51, 52, 56, 58, 59, 68), which hybridize with appropriate DNA, gained from a sample collected with a brush from the patient's cervix. The hybrid is bound by polyclonal antibodies which are fixed in the testing tube. After applying a secondary monoclonal antibody marked by a chemoluminescent substance, hybrids are detected luminometrically (2).
Immunohisto-and -Cytochemistry
Immunohistochemically HPV-detection in 4 m section of paraffin embedded cervical biopsies was performed using the monoclonal antibody K1H8 (DAKO, Glostrup, Denmark) (22) , capable of detecting a main capsid-epitope of HPV 6, 11, 16, 18, 31, 33, 42, 51, 52, 56, and 58. Histological slides were deparaffinized in xylene. Target retrieval was per-formed with Target Retrieval Solution (#S1700, DAKO, Glostrup, Denmark) in a microwave oven for 30 minutes. Background quenching was performed by 0.3% H 2 O2 for 20 minutes. The primary antibody was incubated for 1 hour in a dilution of 1:50 at room temperature, detection was performed using the ChemMate kit (DAKO, Glostrup, Denmark) and diaminobenzidine.
As positive control a specimen of CIN III with HPV 16 infection determined by ISH and known positive immunoreactivity was used.
For immunocytochemical HPV-detection and -typing in cervical smears, the Viroactiv system (Virofem Diagnostica GmbH, Mainz, Germany) was used according to the manufacturer's instructions. This system consists of two monoclonal anti-HPV antibodies: The screening antibody S33 detects a highly conserved epitope on the L1 protein, while the screening antibody T16 detects a N'terminal epitope of L1 and is considered to detect HPV 16, 18, 33 and 39. Cervical scrapes were collected using a brush after patients had given an informed consent, and transferred into a fixation solution. This solution was transferred to special slides and fixed with methanol.
Antigen retrieval was performed in citrate buffer in a microwave oven. Specimens were incubated overnight at ϩ4°C with the primary antibodies. Detection was performed with an APAAP system provided in the kit.
RESULTS
Cervical Cancer Group
PCR analysis revealed HPV-infection in 76 samples of cervical cancer (88.4%) (Fig. 1) . In 37 cases (43%) infection with only one HPV-type was found, but in 39 cases (45.3%) two or more HPV types were detected. In 59 cases (68.6%) HPV 16 was observed, in 7 patients (8.1%) HPV 18 or HPV 31, respectively, in 36 subjects (41.9%) HPV 33, in 6 patients (7%) HPV 45 and, finally, HPV 35, 69 or 73 were detected in 1 one case (1.2%) each, and HPV 58 in 2 patients (2.3%).
The negative controls were free from artifacts when CSAC-ISH was performed. Two different patterns of positive signals were observed in positive samples: a patchy signal unevenly distributed over tumor cell nuclei ( Fig. 2A) , representing episomal HPV-DNA (23), and a dot-like signal in tumor cells (Fig. 2B) , representing integrated HPV-DNA (24) .
CSAC-ISH showed very good correlation with PCR for general detection of HPV and for detection of HPV 16 and 18 (results complied in Table 1 ). Interestingly, one case which was HPV-negative at PCR, showed positive CSAC-ISH with the screening probe. This case showed no positive signal at subsequent CSAC-ISH with probes against HPV 16, 18, 31, and 33. Unfortunately, there was not enough material left for further investigation.
Sensitivity for detection of HPV 31 was low, but all 5 false negative cases showed infection with other HPV-types, and CSAC-ISH with the screening probe was positive in all cases. Positive CSAC-ISH for another HPV type was obtained in 2 of the 4 cases, where at least one probe against the additional HPV types was available.
CSAC-ISH detected HPV 33 in 64% of PCR positive cases. The results were similar to those obtained with HPV 31 probes: All 13 false negative cases in CSAC-ISH showed combined infection with other HPV-types at PCR. CSAC-ISH using the screening probe was positive in 11 of these 13 cases. In 7 of these 11 cases, positive CSAC-ISH was obtained with the probe against HPV 16.
Cervical Dysplasia Group
In cervical smears, in 20 of 21 patients (95.2%) showing HPV infection in HC, positive results of CSAC-ISH using the screening probe were obtained. The staining pattern was slightly different compared with CSAC-ISH on paraffin embedded specimens, since positive signals were also obtained in the cytoplasm of cells (Fig. 2C) . Assessment of CSAC-ISH in PAP smears was more difficult than in paraffin embedded specimens, due to overlaying of cells. In the corresponding biopsy specimens, a positive reaction with the CSAC-ISH screening probe was observed in all 21 cases. Sensitivity of CSAC-ISH in our collective of 21 PAP smears was 95.2% for general detection of HPVinfection. Type specific CSAC-ISH revealed infection with HPV 16 in 14 cases (66.7%), HPV 18 in 1 case (4.8%), HPV 31 in 4 cases (19%), and HPV 33 in 9 (42.9%). In only one case, no infection with a certain HPV type was found with the available ISH-probes, suggesting an infection with a HPV- high-risk type that is detected by HC and the ISH-screening probe, but for which no specific ISHprobe was available.
Comparison of Conventional ISH and CSAC-ISH
Signal intensity was generally weaker in positive cases at conventional ISH compared with CSAC-ISH (Fig. 2E& 2F) . Positive cells were found mainly at the surface of the dysplastic epithelium. Nonamplified, conventional ISH was of significantly lower sensitivity compared CSAC-ISH: At HPVtyping, the HPV 16/18 probe detected 7 of the 14 cases (50%) with positive signal at CSAC-ISH for HPV 16, the case positive for HPV 18 at CSAC-ISH was not detected. Of the 9 cases positive for HPV 33 at CSAC-ISH, conventional ISH detected only one Fig. 2E and 2F) . Immunoperoxidase, original magnification x200. E) Sample of CIN III (same as in Fig. 2D and 2F ), HPV infection detected by CSAC-ISH using a probe vs. HPV 16. Original magnification x200. F) Sample of CIN III (same as in Fig. 2D and 2E ), HPV infection detected by conventional, non-amplified ISH using a probe vs. HPV 16/18. Note the smaller number of nuclei decorated and the weaker signal intensity compared with CSAC-ISH in Fig. 2E . Original magnification x200.
case (11%). In HPV-infections in samples of CIN III detected by conventional ISH CSAC-ISH revealed a high (mainly episomal) viral load. All cases of CIN III with immunohistochemical detectable HPVinfection showed also detectable HPV-infection in conventional ISH.
In none of the 12 cervical cancer samples with low number of viral copies at CSAC-ISH a positive signal was obtained by means of conventional, non-amplified ISH.
Immunohisto-and -Cytochemistry
In none of the 86 samples of cervical cancer HPV capsid protein was detected by means of IHC (DAKO antibody). In the 21 samples of cervical dysplasias, positive immunostaining was obtained in only 3 cases (14.3%) (Fig. 2D) .
With the Virofem-System, no positive reaction was obtained in any patient, although the provided positive control always demonstrated distinct nuclear staining. 15 of the 20 patients showed HPVhigh-risk infection in the HC-assay. Since even with the help of the manufacturer no positive staining was obtained in any of these patients at repeated trials, this system was excluded from any further consideration.
DISCUSSION
In this study we have evaluated the presently commercially available methods for the detection of HPV infection in cervical smears and formalin-fixed, paraffin-embedded samples of cervical lesions. It is well known, that owing to their expertise in morphology pathologists prefer methods that allow visualization of a reaction product in combination with histomorphology. Our main goal was, therefore, to analyze the performance of a commercially available ISH -system using a novel signal amplification method (CSAC). Results were compared with those of PCR and HC. The specimens analyzed included also specimens with advanced cervical cancer. This was done owing to the fact that the number of HPV-copies may be very low in such a collective, in particular in advanced cases (14) , thus challenging the sensitivity of the methods used.
Up to now, conventional ISH for detection of HPV infection was handicapped by its low sensitivity, as was shown by several earlier studies (25) and also in this study. One of the major argument in favor of ISH is that it is the only method, except in situ PCR, by which the viral genome can be identified in topographical relation to the pathological lesion (26) . Although in situ PCR is considered highly sensitive (27) , it is still a controversial method due to poor reproducibility and production of artifacts (28) . In our personal experience it is extremely difficult to handle, and definitely not suitable for HPV-detection and -typing in a routine pathological laboratory.
In contrast to conventional ISH, CSAC-ISH showed a very good correlation with PCR as well in the detection of HPV genome with a general screening probe as well as with HPV type specific probes. The only exception was a low sensitivity of CSAC-ISH to detect the genome of HPV 31 and to a minor extent also of HPV 33. One explanation might be that most patients which were falsely HPV 31 or HPV 33 negative, suffered from a combined infection with other HPV-types, possibly keeping the copy number of HPV 31 and 33 very low. Nevertheless further studies are required, since to our knowledge, no data exist on this subject. Interestingly enough, the other co-infecting types where detectable by ISH in most cases. Therefore, overall the performance of CSAC-ISH was satisfactory in particular when keeping in mind that the diagnosis of an infection with HPV-high-risk types is of central importance, and only to a lesser degree which HPVhigh-risk types are involved.
Certainly, in the future, even more sensitive amplification methods will be developed. E.g., sensitivity of signal amplification using biotinylated tyramide might be even increased by repeating the amplification step several times, but this procedure must be carefully established due to the possibility of artifacts.
Sensitivity of the CSAC-ISH using the screening probe in cervical smears was similar to HC. Nevertheless, ISH is handicapped by the fact, that on a traditional PAP smear only one ISH can be performed, i.e., screening for HPV in our case. Probably, using a cocktail of ISH-probes recognizing either high-risk or low-risk HPV types may render HPV typing on traditional PAP-smears suitable. Another disadvantage of ISH on PAP-smears is the fact that interpretation can be difficult due to overlaying of cells. This could be avoided by using liquid based cytology-specimens for ISH. With this method also several specimens from one smear might be produced, thus enabling the pathologist to apply various type specific probes. The major disadvantage of liquid based cytology is the increase in costs.
Our finding of a low sensitivity of IHC for detection of HPV-infection in high grade cervical lesions is in good correlation to other authors (11) . To our best knowledge, we are the first to show the low sensitivity of IHC in detection of HPV in cervical cancer. One major disadvantage of IHC is the fact that the antibodies are directed against capsid proteins, which are only found in productive, but not in latent infection (11) , thus explaining in part the low sensitivity of this method.
In conclusion, CSAC-ISH is a sensitive, easy to handle method for HPV-detection and -typing in cervical squamous intraepithelial lesions and cancers, highly suitable for routine pathology. It is also highly sensitive for detection of HPV-infection in traditional PAP smears, although interpretation is sometimes difficult and typing is problematic due to the lack of material. CSAC-ISH is now used in our laboratory in addition to HC for HPV-detection and -typing in routine specimens, especially in paraffinembedded cervical and also vulvar biopsies, and has proved as simple and reliable method.
In contrast to CSAC-ISH, our study confirms that immunohisto-and -cytochemistry are not suitable for detection and typing of HPV-infection in cervical smears and in paraffin-embedded sections of cervical dysplasias and cancers.
